The population genetic structure of marine species lacking free-swimming larvae is expected to be strongly affected by random genetic drift among populations, resulting in genetic isolation by geographical distance. At the same time, ecological separation over microhabitats followed by direct selection on those parts of the genome that affect adaptation might also be strong. Here, we address the question of how the relative importance of stochastic vs. selective structuring forces varies at different geographical scales. We use microsatellite DNA and allozyme data from samples of the marine rocky shore snail Littorina saxatilis over distance scales ranging from metres to 1000 km, and we show that genetic drift is the most important structuring evolutionary force at distances > 1 km. On smaller geographical scales (< 1 km), divergent selection between contrasting habitats affects population genetic structure by impeding gene flow over microhabitat borders (microsatellite structure), or by directly favouring specific alleles of selected loci (allozyme structure). The results suggest that evolutionary drivers of population genetic structure cannot a priori be assumed to be equally important at different geographical scales.
INTRODUCTION
The genetic structure of species depends on various factors, including selection, mutation, genetic drift and migration. It is usually held that marine species with limited migration potential show strong population structure (Bohonak, 1999) as a consequence of increased genetic drift in isolated populations, but also because species with restricted dispersal exhibit more pronounced local adaptation as a result of natural selection (reviewed by Lenormand, 2002) . The notion that population structure depends on dispersal capability has been supported in several empirical studies comparing closely related species pairs with similar ecology, but differing dispersal ability (Janson, 1987; Hellberg, 1996; Watts & Thorpe, 2006) .
A simple form of population structure is increased genetic distance with increased geographical distance (isolation by distance, IBD), which occurs when the species range is larger than the individuals' dispersal distance (Wright, 1943) . The specific shape of the IBD relationship depends on the relative strength of random genetic drift and gene flow (Rousset, 1997; Hutchison & Templeton, 1999) . However, population structure and IBD could also be influenced by strong barriers to gene flow (Koizumi, Yamamoto & Maekawa, 2006; Johannesson & André, 2006) or by natural selection, either directly, or indirectly by linkage (Nielsen, Hansen & Meldrup, 2006) . Thus, the type of genetic marker may influence the patterns of genetic structure, either because of different selection regimes or because of different mutational dynamics at the locus. It is expected, however, that all neutral loci should be affected in a similar way by genetic drift and migration, whereas selection may affect some loci differently (Slatkin, 1987) . Previous studies reporting different levels of divergence between allozyme and other nuclear genetic markers suggest that either balancing (Pogson, Mesa & Boutilier, 1995) or directional selection (Dufresne, Bourget & Bernatchez, 2002) acts on the allozymes. Studies showing that some nuclear microsatellites may be affected by selection are also accumulating (Vasemägi, Nilsson & Primmer, 2005; Nielsen et al., 2006; Larsson et al., 2007) .
Littorina saxatilis is an intertidal rocky shore snail found in the northern Atlantic. It lacks pelagic larvae, has a very variable morphology, and shows strong population structure in allozymes (Janson, 1987; Johannesson, Johannesson & Lundgren, 1995) , RAPD (Johannesson et al., 2004) , and microsatellite DNA markers (Panova, Hollander & Johannesson, 2006) . This pattern is thought to result from low dispersal, leading to strong genetic drift in neutral genetic markers and local habitat specialization (Johannesson, 2003) . Johannesson et al. (1995) showed that allele frequencies for some allozyme loci correlated with habitat type, indicating that natural selection acts on those loci. Morphologically distinct ecotypes adapted to local microhabitats can be found throughout most of the range of the species (Reid, 1996) . Two ecotypes of L. saxatilis are common on the Swedish west coast: a small thin-shelled ecotype on exposed cliffs ('E') and a larger thick-shelled ecotype ('S') on sheltered boulder shores (Janson, 1983) . The differences between these ecotypes are thought to result from different selective forces, with wave action being more important on exposed shores, and crab predation being more important on sheltered shores. Panova et al. (2006) investigated the hybrid zones between E and S on two different islands, and showed that the ecotypes were most likely to have evolved independently, in parallel, on the separate islands.
In this study, we test if a marine invertebrate with limited dispersal, L. saxatilis, shows similar patterns of strong population structure and IBD when using both presumably neutral genetic markers, microsatellite DNA, and different allozyme loci, some of which are possibly affected by selection. Furthermore, we test the hypothesis of parallel evolution of ecotypes in L. saxatilis (Panova et al., 2006) , by comparing genetic differentiation within and between these ecotypes on different spatial scales. Finally, we test whether gene flow depends on coastal morphology, that is, if populations separated by open water tend to be more divergent than populations separated by shoreline.
MATERIAL AND METHODS

DATA SETS AND SAMPLING
We have used one set of microsatellite DNA data and two sets of allozyme data on population structure in L. saxatilis. Samples of L. saxatilis for microsatellite analyses were collected on the Swedish west coast in 2001 (Saltö and Öckerö) and in 2003 (Ramsö and Ramsholmen) ( Fig. 1 ; Appendix S1). The 2003 samples were used previously by Panova et al. (2006) . Ramsö, Ramsholmen, and Saltö are situated in the Koster fjord within 2-5 km of each other, whereas the distance between them and Öckerö is~130 km. On Saltö and Öckerö, samples were collected in two bays separated by 1 km (Appendix S1); on Ramsö and Ramsholmen, samples were collected at two localities in one bay. In each locality we sampled the two ecotypes E and S separated by 50 m (Saltö and Öckerö) or by 20 m (Ramsö and Ramsholmen). Finally, we included one sample from a remote geographical population of L. saxatilis in the White Sea, collected in 2004 ( Fig. 1 ; Appendix S1). The White Sea population is separated from the Swedish ones bỹ 3300 km, as measured along the coastline, and does not have ecotypes similar to the Swedish S and E morphs.
The two datasets with allozyme genotypes have partly been used before in earlier studies of L. saxatilis on the Swedish west coast (Janson, 1987; Johannesson & Tatarenkov, 1997) . The first dataset on small-scale variation included three islands in the Koster area: Lökholmen, Jutholmen, and Ursholmen, separated by distances of 4-9 km ( Fig. 1 ; Appendix S2); the Ursholmen data were previously used by Johannesson & Tatarenkov (1997) , whereas the Lökholmen and Jutholmen data have not been previously published. On each island various numbers of samples of each ecotype were collected over distances of 7-150 m (Appendix S2). On Ursholmen, samples of the E ecotype were collected at both low and high shore levels because it had been shown that allele frequencies at one locus (aspartate aminotransferase) correlate with shore level (Johannesson et al., 1995; Johannesson & Tatarenkov, 1997) . The second dataset, published by Janson (1987) , included samples collected at five locations along the Swedish west coast ( Fig. 1 ; Appendix S3) separated by 7-285 km. At each location, two replicate samples were taken over distances of 5-30 m. All samples were taken within a few square metres, and contained only one ecotype.
ALLOZYME GENOTYPING
We used horizontal starch-gel electrophoresis of the allozymes, as described previously for L. saxatilis by Janson & Ward (1984) and Tatarenkov & Johannesson (1994) . In the first dataset, eight polymorphic loci were genotyped: arginine kinase (Ark, 2.7.3.3), aspartate aminotransferase (Aat-1, 2.6.1.1), mannose-6-phosphate isomerase (Mpi, 5.3.1.8), peptidase (Gly Leu) (Pep, 3.4.-.-), phosphoglucomutases (Pgm-1 and Pgm-2, 5.4.2.2), phosphoglucose isomerase (Pgi, 5.3.1.9), and purine-nucleoside phosphorylase (Pnp, 2.4.2.1). These loci are found to be the most variable ones in L. saxatilis (Janson & Ward, 1984) . As it was previously shown that allele frequencies at two allozyme loci, Aat and Pgm-2, in L. saxatilis correlate strongly with habitat type, and thus are likely to be under selection (Johannesson & Tatarenkov, 1997) , these loci were excluded in IBD analyses. Clustering analysis was performed both including and excluding Aat and Pgm-2.
The original dataset from Janson (1987) included five loci that were the same as in the above dataset (Aat, Mpi, and Pgi) , and ten other loci that were either monomorphic or showed very low variability. From this dataset we used only three assumed neutral loci (Mpi, Pgm-1, and Pgi) to calculate genetic IBD; IBD was analysed separately in the two allozyme datasets.
MICROSATELLITE GENOTYPING
DNA was extracted from snail foot tissue with the DNeasy Plant Mini Kit (QIAGEN). The snails were genotyped at five microsatellite loci: Lsub62, Lsub32, Lsub16, and Lsub8 (Tie, Boulding & Naish, 2000) , and Lsax6 (Sokolov, Sokolova & Pörtner, 2002) .
Polymerase chain reaction (PCR) conditions were identical to those described in Panova et al. (2006) . Sizing of microsatellite fragments was performed on ALFexpress and Beckman CEQ 8000 automatic sequencers. A set of individuals representing a broad range of alleles in each locus was genotyped on both sequencers to calibrate allele sizes produced by the two systems.
STATISTICAL ANALYSIS
Gene diversity was calculated in MICROSATELLITE ANALYSER (Dieringer & Schlötterer, 2003) for microsatellite data, and in GDA ver.1.1 (Lewis & Zaykin, 2001 ) for the allozymes. GENEPOP ON THE WEB (Raymond & Rousset, 1995;  http:// genepop.curtin.edu.au/) was used to estimate the inbreeding coefficients, F IS (Weir & Cockerham, 1984) , and to perform exact tests for Hardy-Weinberg equilibrium at each locus. Allelic diversity was expressed as the number of alleles per locus, A, and allelic richness, AR, was calculated in FSTAT (Goudet, 2001) . Some microsatellite loci showed consistent heterozygote deficiency in several samples, probably as a result of null alleles (Panova et al., 2008) . Allele frequencies for these loci were corrected for putative null alleles using Brookfield's (1996) method implemented in MICROCHECKER (van Oosterhout et al., 2004) . The corrected allele frequencies were subsequently used to calculate genetic distances from the microsatellite data (see Appendix S1).
Pairwise measures of genetic differentiation, F ST, (Weir & Cockerham, 1984) over all loci were calculated both for microsatellite and allozyme data using GENEPOP. Regression of FST/(1 -FST) was calculated against the natural logarithm of geographical distance according to a two-dimensional migration model (Rousset, 1997) : the slope, the standard error of the slope, and the determination coefficient, r 2 , were calculated in MS EXCEL. The statistical significance of the genetic IBD relationships was calculated using GENETIC STRUCTURE IN LITTORINA 33 the Mantel test within the R-package (http://www. r-project.org/).
The relative importance of the factors geographical distance and habitat (ecotype) for the microsatellite genetic distances among samples was investigated using an orthogonal modification of Nei's gene diversity analysis [see Johannesson & Tatarenkov (1997) for a detailed description of the method, and a similar analysis for allozymes in L. saxatilis]. In the analysis, the overall variation among samples, G ST, is divided into several components: GSHI, average variation among samples within combinations of islands and habitats; GHT, variation among habitats; GIT, variation among islands; GH ¥ I, variation resulting from an interaction between habitats and islands. Statistical significance of the factors and their interaction were calculated using ANOVA.
Neighbour-joining (NJ) clustering was performed with PHYLIP (Felsenstein, 1989 ) using Nei's genetic distance (Nei, 1972) and 100 bootstraps. Multidimensional scaling (MDS) plots of samples based on Nei's genetic distance were produced with the software R.
RESULTS
GENETIC DIVERSITY
Heterozygosity levels were higher in microsatellites than in allozymes, as expected from the greater allele numbers in microsatellites (Supplementary Material, Appendices S1, S2). Janson (1987) reported levels of average expected heterozygosity in her allozyme data that are similar to ours (Supplementary Material, Appendix S3). The remote White Sea population had the highest microsatellite allelic richness; this population also had the highest number of private alleles (three in Lsub8 and Lsax6, two in Lsub62, and one in Lsub32). All other populations had at most one private allele in one locus.
ISOLATION BY DISTANCE
Littorina saxatilis showed a clear pattern of IBD on the Swedish west coast, although the genetic distances between populations were very variable (Fig. 2) . Mantel tests were significant for both microsatellites and allozymes (Table 1) . The IBD within and between ecotypes showed similar patterns, except on the smallest scales, where there was a higher differentiation between ecotypes (Fig. 2a) . The IBD based on Janson's (1987) data, comprising fewer allozyme loci, showed a similar slope, but with a lower intercept. Slope, r 2 , and statistical significance were all higher for allozymes compared with microsatellites (Table 1) .
POPULATION STRUCTURE
The overall differentiation among samples was very similar (GST ª 0.05) and highly significant for all microsatellite loci (Table 2 ). The MDS plot of microsatellite data show that the geographically distant White Sea sample was clearly genetically distinct (Fig. 3a) . Excluding the White Sea sample revealed a weak grouping by location (Fig. 3b) . This was supported in the orthogonal analysis of gene diversity where island (G IT), but not habitat (GHT; ecotype), was a significant source of genetic variation ( Table 2 ). The small-scale allozyme data showed a strong effect of habitat (ecotype) if genetic distances were based on eight loci (Fig. 4a) . When the two loci, Aat and Pgm-2, potentially affected by selection were removed, the samples instead grouped by location (island) (Fig. 4b) .
The NJ trees demonstrated essentially the same pattern as the MDS analyses for both microsatellite and allozyme data (Figs 5, 6 ). For the microsatellite data, neighbouring samples on the same island mostly grouped together (Fig. 5) , and grouping by habitat was less evident, compared with the MDS ordination (Fig. 3b) . The NJ tree based on eight alloz- The isolation by distance relationships are also depicted in Figure 2 . The allozyme relationships were based on six loci. ND: not determined; statistical significance was not calculated for the within-and between-ecotypes data subsets because the distance matrices are not balanced.
yme loci (Fig. 6a) showed a clear sign of selection, with all exposed (E) ecotype samples grouped together on one long branch. In contrast, in the NJ tree based on six allozyme loci (Fig. 6b ), samples were mainly grouped by island.
DISCUSSION GENETIC STRUCTURE AND IBD
Snail populations on the Swedish west coast show a pattern of IBD (Fig. 2) . The higher degree of differentiation between ecotypes at the smallest scales (Fig. 2a) can be explained by partial reproductive isolation between the ecotypes at the contact zone (Hollander, Lindegarth & Johannesson, 2005; Panova et al., 2006) . Ecotypes are formed independently on each island by parallel evolution (Panova et al., 2006) , and hence ecotype differences are expected to break down at longer distances, as changes in allele frequencies at neutral loci are not correlated. As gene flow between habitats of the same type is expected to be somewhat higher at short distances (because of the higher fitness of rafting snails when they land in a proper habitat), general genetic differences between ecotypes may still be found at nearby islands. Such genetic differences will disappear with increasing distances. The variance in genetic differentiation also increases with increasing geographical distance, as would be expected if populations diverge by random drift. Only the 'island effect' was significant in the gene-diversity analysis, indicating that populations on the same island are on average more similar than populations on different islands (Table 2 ). It should be mentioned, however, that geographical distance measured in metres may have different effects depending on whether the distance is measured over water or along the shoreline. It is notable that the marker types show different slopes of the IBD relationship (Table 1) , although the slope is often taken to reflect species-specific migration processes (Rousset, 1997) . The White Sea population has differentiated from the Swedish west coast populations further than could be expected by extrapolating the IBD relationship in Sweden (Fig. 1) . Allelic richness was also higher in the White Sea population compared with the Skagerrak population. Mutational processes may play a greater role over distances of thousands of kilometres, where even infrequent migration between populations is unlikely; another reason may be that the convoluted Norwegian shoreline is longer, from the point of view of the snails, than our measurement straight across the coastline. It is also possible that some of the genetic basis of the White Sea population comes from a different glacial refuge than the Swedish populations, and thus that the divergence occurred before the last glaciation.
MICROSATELLITES VS. ALLOZYMES
Allozymes were in the past presumed to be neutral, but during decades of research, several examples of selection on allozyme loci have been established (Mitton, 1998; De Innocentis et al., 2001) . Here, we confirm that at least two loci are under selection (Johannesson & Johannesson, 1989; *P < 0.05; **P < 0.01; ***P < 0.001. †0.05 < P < 0.1. HS, average heterozygosity within samples; HT, total heterozygosity; GST, overall variation among samples. GST (equivalent to FST) is statistically higher than zero for all loci (GENEPOP; exact test). When GST is partitioned into habitat and island components, only island (GIT) is statistically significant. Tatarenkov, 1997) . Including these loci in the analyses gives a very different picture of population structure (Fig. 4a, b) . The assumption that microsatellites are neutral does not always hold either: Larsson et al. (2007) found evidence of selection at a microsatellite, or a closely linked locus, in herring. Here, however, all microsatellite loci showed similar levels of differentiation, and no correlation to habitat type. If mutation is more important than migration, G ST may be limited by the level of homozygosity (Hedrick, 2005) , which could explain the lower levels of differentiation for microsatellites, e.g. the slope of the IBD relationship, which was lower for microsatellites compared with allozymes (Table 1) .
EVOLUTION OF REPRODUCTIVE BARRIERS
There was no indication that distant populations of the same ecotype would be more similar at neutral loci than populations of different ecotypes, except perhaps for samples clustering by habitat at Öckerö (Fig. 5) . Overall, the pattern of population differentiation at scales > 1-2 km is much more random than at the small scales studied by Panova et al. (2006) . Possibly genetic drift swamps the effects of betweenpopulation dispersal, to the extent that the poorer survival (Janson, 1983) and lower mating success (Hollander et al., 2005) of ecotypes ending up in the wrong habitat does not result in much differentiation on larger scales.
DISPERSAL AND POPULATION BIOLOGY
The mode of dispersal of L. saxatilis is intriguing. Lacking a larval stage, dispersal should mostly be on a very small scale, and observed dispersal rates are normally in the range of about a few metres per month (Janson, 1983) . However, L. saxatilis has been established on very remote locations, such as the Atlantic island Rockall (Johannesson, 1988) . This, and the relatively rapid colonization events observed in new or depleted isolated habitats (Johannesson & Warmoes, 1990; Johannesson & Johannesson, 1995) , indicate that some form of long-distance dispersal (possibly by birds or floating algae) occurs in this species (cf. Thiel & Gutow, 2005) . It has been suggested that single fertilized females may be enough to initiate viable populations in L. saxatilis, as females are promiscuous and are able to store sperm from multiple males for months at a time (Johannesson, 1988; Mäkinen, Panova & André, 2007) . The genetic buffer provided by sperm storage may partly explain why microsatellite allele diversities are high throughout, even in populations that are expected to have been established relatively recently after the last glaciation (White Sea) and in populations that may have been bottlenecked during a recent toxic algal bloom (Johannesson & Johannesson, 1995) . Is dispersal impeded by large stretches of open water? Neither allozymes nor microsatellites showed a marked distinction over the deep Koster fjord beyond that expected from geographical distance. This is clear from Figure 6b , where Lökholmen clusters closely with Jutholmen, despite being on opposite sides of the fjord. In the microsatellite tree (Fig. 5) , such a distinction is not evident either. This is in contrast to the snail Bembicium vittatum in Australia, where water gaps where shown to impede dispersal (Johnson & Black, 1995) .
CONCLUSIONS
Our results suggest that genetic drift is the most important factor shaping genetic variation at medium and long geographical distances in L. saxatilis, which is in contrast with evolution of population genetic structure on shorter spatial scales, i.e. within small Figure 5 . Neighbour-joining tree illustrating the relationship among 12 samples from four islands on the west coast of Sweden (see Appendix S1). The tree is based on pairwise Nei's distances from five microsatellite loci. Bootstrap values of over 50% for 100 replicates are indicated. Exposed and sheltered sites are denoted by E and S, respectively. islands (< 1 km). Within islands, L. saxatilis adapts to specific habitats and forms genetically distinct ecotypes. The ecological separation of the ecotypes impacts population genetic structure by impeding gene flow between ecotypes, as revealed by microsatellite genetic structure, or through divergent selection on particular allozyme loci. Furthermore, our results give support to the hypothesis that these ecotypes evolve independently in different geographical locations, i.e. through parallel evolution (cf. Panova et al., 2006) .
